Objective-To address the role of epigenetic enzymes in the process of arterial vasorelaxation and nitrate tolerance, in vitro and in vivo experiments were performed in the presence or absence of glyceryl trinitrate (GTN) or histone deacetylases/ histone acetylases modulators. Methods and Results-In vitro single GTN administration rapidly increased cGMP synthesis and protein N ε -lysine acetylation in rat smooth muscle cells, including myosin light chain and smooth muscle actin. This phenomenon determined a decrease in myosin light chain phosphorylation and actomyosin formation. These effects were abolished by prolonged exposure to GTN and rescued by treatment with trichostatin A. In vivo, adult male rats were treated for 72 hours with subcutaneous injections of GTN alone or in combination with the histone deacetylases inhibitors trichostatin A, suberoylanilide hydroxamic acid, MS-27-275, or valproic acid. Ex vivo experiments performed on aortic rings showed that the effect of tolerance was reversed by all proacetylation drugs, including the p300/CREB binding protein-associated factor activator pentadecylidenemalonate 1b (SPV106). Any response to GTN was abolished by anacardic acid, a potent histone acetylases inhibitor. 
N itric oxide (NO) directly or indirectly, respectively, by S-nitrosylation or cGMP synthesis, regulates the function of epigenetic enzymes, such as histone deacetylases (HDACs), a family of molecules which recently emerged as important during endothelial cell activation 1, 2 and skeletal muscle precursor differentiation. 3 HDACs and their functional counterpart, histone acetylases (HATs), are epigenetic enzymes regulating the number of lysine residues covalently modified by the addition of N ε -acetyl groups. This posttransduction modification alters protein structure and function and, besides the activity of a number of enzymes, it may modify chromatin accessibility to transcription factors determining changes in gene expression during the adaptive response to environmental signals. 4, 5 HDACs are 18 different molecules grouped in 4
classes; members of class I, II, and III (the latter are also named sirtuins) are the best characterized and catalyze the removal of the acetyl groups on lysine residues. HATs are a diverse set of enzymes that can be divided on the structural basis of their catalytic domains. 6 Among them, members of the GCN5/p300/ CBP associated factor (PCAF) family represent an emerging subset of molecules identified as able to add the acetyl groups to a growing number of nuclear and cytoplasm proteins with important functional consequences for cell function. 7 A large number of small molecules have been made recently available that regulate the activity of these enzymes. Specifically, HDAC inhibitors (deacetylase inhibitors [DIs] ), HAT inhibitors, and HAT activators have been successfully synthesized and proven effective in different experimental settings. Among October 2012 those, the class I/II DIs trichostatin A (TSA), 8 suberoylanilide hydroxamic acid, 9 MS-27-275, 10 valproic acid 11 and the HAT inhibitors anacardic acid (ANAC) 12 have been the most studied and used so far. Other compounds, however, with more selective specificities, such as class IIa-restricted DIs, 13 and the HAT activators CTPB 12 and SPV106 14 have been recently synthesized and are objects of intense experimental investigation. These epigenetically active drugs (epi-drugs) have the common property of changing N ε -lysine acetylation on a variety of histone and nonhistone proteins 7 as demonstrated in the mouse heart. 15 Since the identification of NO as the endothelial-derived relaxing factor, 16 its importance in the regulation of the majority of the physiological and physiopathological cardiovascular processes emerged clearly. Altered NO synthesis, in fact, has been implicated in the pathogenesis of endothelial dysfunction, atherosclerosis, angina, coronary spasms, cardiac ischemia, and arterial stiffness during aging. 17 Hence, NO donors have been widely used for the treatment of many cardiovascular accidents. Among them, glyceryl trinitrate (GTN), the oldest donor to be synthesized, 17 is also one of the most successful compounds applied into clinical practice. Despite the large number of studies addressing GTN effects and its wide clinical application, its mechanism of activation and function remains partially elusive. The evidence that, at clinically relevant concentrations, GTN does not require active release of NO 18 points out that cGMP synthesis, elicited by GTN in the absence of detectable NO release, is an important step for GTN therapeutic effects and relevant for the epigenetic effect of nitrate donors as previously reported. 2, 19 After the long-term use of GTN, however, a severe nitrate tolerance develops and patients are at risk of losing GTN benefits. 20 Several mechanisms have been reported as possible causes of GTN tolerance, including altered biotransformation, sympathetic activation, release of vasoconstrictors, plasma volume expansion, and increased oxidative stress. 21 Remarkably, the role of epigenetic enzymes has never been explored in the general context of arterial relaxation and, specifically, in response to nitrates or in the presence of nitrate tolerance. In light of this consideration, the present work investigated whether epigenetic mechanisms could be involved in the regulation of the arterial adaptive response to GTN in vitro and in vivo. The results show that the HDAC/HAT activity balance, acting on the acetylation level of proteins involved in smooth muscle cell contraction, is important to preserve arterial responsiveness to GTN, preventing or reducing the extent of nitrate tolerance. 22 Hence, epigenetic mechanisms may be envisaged at the basis of smooth muscle cell reaction in response to the GTN/cGMP axis activation.
Materials and Methods
A description of the materials and methods is presented in the onlineonly Data Supplement. Figure 1A shows that rat aortic smooth muscle cells (RASMC) produced a significant amount of cGMP measured at the 2-hour time point after GTN exposure (control vehicle cells [C-V] versus GTN-treated cells [G] ). This treatment, repeated 24 hours later, failed to elicit the same effect as consequence of nitrate tolerance. At this later point, however, the addition of TSA, alone or in combination with GTN, stimulated cGMP production above basal and tolerant levels in tolerant (T/TSA), as well as normal control cells (TSA). Figure 1B shows that cGMP production, determined at 2 hours in whole rat aorta lysates, increased after the in vivo administration of GTN. A prolonged GTN treatment (72 hours), however, inhibited cGMP synthesis, as determined 2 hours after the last GTN administration. This negative effect was counteracted by the general HDAC inhibitor valproic acid (VPA) that administered together with GTN contributed to maintain cGMP production in tolerant animals (T/ VPA) without influencing basal cGMP synthesis (VPA). In this condition, systolic blood pressure revealed a significant reduction after the first injection of GTN. A phenomenon which disappeared after repeated injections ( Figure IA in the online-only Data Supplement). Although VPA did not interfere with GTN response, a significant reduction of pressure was still detectable after repeated injection of GTN and VPA at the 72-hour time point ( Figure IA in the online-only Data Supplement). This result suggests that the inhibition of HDAC activity could be important in preserving arterial and blood pressure responses to GTN. Total HDAC activity was measured in C-V-, G-, and tolerant (T)-RASMC, 2 hours after the first or second exposure to GTN and found significantly increased only after repeated exposures to the drug (T) ( Figure 1C ). In contrast, HAT activity was found increased 2 hours after the first GTN treatment ( Figure  1D ). In the presence of tolerance (T) the exposure to GTN for an additional 2 hours failed to elicit this effect ( Figure 1D ).
Results

GTN Treatment Alters HDAC/HAT Activity Balance in Rat Aortic Smooth Muscle Cells
In order to verify whether cGMP production regulated HAT activation in the presence of GTN a series of independent experiments were performed in which total HAT activity was measured in control cells, as well as cells treated with GTN or the NO donor diethyltriamine/nitric oxide in the presence or absence of the soluble guanylate cyclase inhibitor 1H- [1, 2, 4] oxadiazolo [4,3-a] quinoxalin-1-1 (ODQ). Figure 1E shows that total HAT activity significantly increased in the presence of GTN (C-V versus G) or with the direct NO donor diethyltriamine/nitric oxide (D). This increment was efficiently counteracted by the soluble guanylate cyclase inhibitor ODQ that prevented HAT activation in both conditions. These results suggest that cGMP production is also important for HAT activation in smooth muscle cells. 1 To investigate whether the activation of HATs modified total N ε -Lysine protein acetylation, a series of western blotting were performed on whole cell extracts obtained from RASMC cultured in control condition (C-V), treated for 2 hours with GTN (G) or made tolerant by repeated exposures to GTN (T). Figure 1F , in fact, shows in 3 independent experiments, a significant increase in total protein N ε -lysine acetylation observed at the 2-hour time point after GTN treatment whereas the presence of tolerance avoided this modification, as confirmed by densitometry ( Figure 1F , right).
This evidence suggests that epigenetically-determined posttransduction modifications of cellular proteins, such as N ε -lysine acetylation, may be the consequence of adaptive responses to GTN and cGMP.
Modulation of HDAC/HAT Activity Regulates Smooth Muscle Relaxation
To evaluate the effect of HDAC/HAT activity balance on smooth muscle cell contraction, a series of in vitro experiments were performed with RASMC embedded in a type I collagen lattice. 23 Phase-contrast microscopy showed that in 24 hours control collagen-embedded smooth muscle cells formed a reticular structure that was lost after a short-term (2 hours) GTN treatment (GTN) whereas it remained intact in the presence of tolerance (Tolerant; Figure 2A ). The presence of a cellular network was paralleled by collagen contraction 23 (control [C] in Figure 2B ). Figure 2B and 2C depict representative pictures of collagen lattices in which the effect of TSA on RASMC contraction was explored in parallel to that of the pan-HAT inhibitor ANAC. In Figure 2B , RASMC, plated in collagen, were cultured with (G, T) or without (C) GTN and in the presence or absence of TSA (T/TSA, TSA). In this experiment, collagen gel diameter was significantly enlarged by GTN (G) compared with control cells (C) remaining, however, unchanged in the presence of tolerance (T). Remarkably, TSA reduced the effect of tolerance allowing collagen gel relaxation despite repeated exposure to GTN (T/TSA). TSA alone (TSA) did not significantly influence collagen gel contraction. Figure 2C shows a dose response curve to ANAC (4.25, 8.5, and 17 µmol/L, respectively) in the presence of GTN. The HAT inhibitor ANAC dose-dependently abolished gel relaxation associated with GTN treatment ( Figure 2C , top and bottom). Both of these experiments suggest that the presence of active HATs or inactive HDACs recognizes a condition important for GTN to exert its function.
To further explore the properties of proacetylating epi-drugs as vasorelaxation modulators and antitolerant agents, a series of in vivo experiments were performed to evaluate the effect of selected epi-drugs on GTN-dependent arterial response. Figure 3 shows the result of a representative series of in vivo combined treatments and ex vivo aortic ring relaxation experiments in which animals were pretreated for 72 hours with repeated injections of GTN in the presence or absence of DIs that do not alter sirtuins (class III HDACs) function, such as TSA, MS-27-275, or the HAT inhibitors ANAC and the HAT activators SPV106. Figure 3A depicts the effect of solvent (EC 50 treated (T) /EC 50 control (C) =1), GTN (EC 50T /EC 50C =50), TSA (EC 50T /EC 50C =1) or that of the combined treatment which rescued nitrate tolerance restoring GTN sensitivity (EC 50T / EC 50C =3.3). A similar effect was obtained with the class I HDAC inhibitor MS-27-275 (EC 50T /EC 50C =1.3; Figure 3B ). Conversely, treatment of nontolerant animals with ANAC alone, which reduces global protein N ε -lysine acetylation, significantly limited response to GTN administered ex vivo (EC 50T /EC 50C =17; Figure 3C ). Remarkably, ANAC pretreatment did not limit response to nifedipine or sodium nitroprusside (not shown) suggesting specificity for GTN which, opposite from the other 2 inducers of rapid arterial relaxation, requires bioactivation through cytosolic aldehyde dehydrogenase-2. 24 Further experiments are required to elucidate this important point. However, the compound SPV106, a selective GNC5/ PCAF activator, 14 administered daily with GTN prevented the development of tolerance (EC 50T /EC 50C =0.9; Figure 3D ) similar to TSA or MS-27-275. Similar results were obtained with deendothelized aortic rings from animals exposed to the combined treatment of GTN and the proacetylation agents TSA or SPV106 ( Figure 3E and 3F ). This observation indicates that the presence of an intact endothelium is not required for the epigenetic regulation of smooth muscle cell relaxation in the presence of GTN. To ascertain that the epigenetic drug treatment was sufficient to induce protein lysine acetylation in aortic smooth muscle cells immunofluorescence analysis was performed in sections from intact aortic rings excised at the 72-hour time point after exposure to TSA or MS-27-275. Figure IB in the online-only Data Supplement shows that in these conditions a positive acetylation signal from histone H3 Lysine 9 is well detectable. or in the absence (E-F) of endothelium. Aortic ring relaxation was assessed in normal animals and in rats made tolerant treated or not with different epi-drugs: the histone deacetylases (HDACs) pan-inhibitor trichostatin A (TSA) (A, in the presence of endothelium; E, in the absence of endothelium) (n=6); the class specific HDACs inhibitor MS27-275 (B) (n=6); the histone acetylases (HAT) inhibitor anacardic acid (ANAC) (C) (n=6) and the HAT activator SPV106 (D, in the presence of endothelium; F, in the absence of endothelium) (n=6).
The complete list of compounds used in this study, their concentration and their effect on aortic ring relaxation, expressed as EC 50 value and EC 50 treated /EC 50 control ratio, is summarized in Table 1 . Taken together, these results suggest that the regulation of N ε -lysine acetylation is important in the vascular adaptive response to GTN.
GTN Promotes N ε -Lysine Acetylation of Actomyosin Subunits
Recent evidence indicates that the HDAC/HAT activity balance, controlling cardiac protein acetylation, 15 is important for cardiomyocyte contractility 25 and heart function. 15 Prompted by this observation and our experimental findings, we investigated whether the N ε -lysine acetylation of proteins important for smooth muscle cell contraction could be involved in the regulation of RASMC adaptation to GTN. In support of this possibility, sequence comparison indicated that smooth muscle actin (SMA) and myosin light chain (MLC) bear a number of potentially acetylatable lysine residues conserved across species, according to Phosphorylation Site Database (PHOSIDA) analysis (www.phosida.com; Figure II in the online-only Data Supplement). Figure 4A and 4B show the results of a series of immunoprecipitation experiments in which MLC and SMA were evaluated for the presence of N ε -lysine-acetylated residues. Figure 4A , top, shows that MLC isolated by immunoprecipitation from RASMC cultured in control condition (C) or treated with GTN (G) and TSA (TSA and T/TSA) is recognized by an anti-acetyl lysine antibody and that this signal is reduced in tolerant cells (T) as indicated by densitometry analysis (Figure 4A, bottom) . A similar result was obtained with SMA ( Figure 4B , top and bottom) indicating that both of these proteins were hyperacetylated after GTN treatment and that this process was negatively regulated by tolerance, whereas the presence of TSA or that of other lysine proacetylation agents rescued the phenotype. The graph in Figure 4C reveals that MLC and SMA N ε -lysine acetylation follows a similar pattern. Consistently, in the presence of GTN (G), SMA immunoprecipitated with an associated HAT activity, which was downregulated in tolerant cells (T) and slightly but significantly rescued by TSA (T/TSA). As expected, this activity was strongly enhanced in the presence of TSA known to have a positive effect on HAT activity ( Figure 4D ). Figure  4E shows that either GTN or TSA significantly reduced MLC phosphorylation, which is important for actomyosin formation and smooth muscle cells contraction. This phenomenon was paralleled by a reduced MLC-SMA complex formation in the presence of GTN or TSA as indicated by coimmunoprecipitation experiments ( Figure 4F ). The coincident regulation of MLC phosphorylation and actomyosin formation is further displayed in Figure 4G . Taken together, these results suggest that the N ε -lysine acetylation of MLC influences its phosphorylation and association with SMA indicating this posttransduction modification as a new modification important for the adaptive vascular response to contraction/relaxation signals.
PCAF Becomes Physically Associated With SMA
In cardiomyocytes, the lysine acetylase PCAF is involved in the regulation of sarcomeres contraction, in the regulation of calcium sensitivity, 25 and, as recently reported, in the appropriate localization of connexin 43 at gap junctions. 15 In order to provide information about PCAF involvement in the regulation of smooth muscle cell contraction, a series of experiments were performed in which RASMC were treated with the PCAF activator SPV106. 14 Figure 5A shows that SMA acetylation significantly increased at the 2-hour time point after SPV106 treatment, suggesting this protein as a potential PCAF target. To further explore this possibility, a series of coimmunoprecipitation experiments demonstrated that 1 hour after exposure to GTN, PCAF became physically associated with SMA ( Figure  5B ). To directly demonstrate the role of PCAF in SMA acetylation a series of RNA interference experiments were performed as shown in Figure IIIA in the online-only Data Supplement. Figure 5D shows that the response to the proacetylation agent SPV106 is abrogated in the absence of PCAF, thus, functionally addressing PCAF as an important effector of SMA acetylation. This finding has been further strengthened by the evidence that PCAF overexpression ( Figure IIIB in the online-only Data Supplement) determined a significant increase in SMA and MLC acetylation ( Figure 5E , left) as summarized by densitometry ( Figure 5E, right) .
In Figure 5F , left confocal microscopy shows that in the presence of GTN, PCAF content was increased in the cytoplasm where it colocalized with SMA as indicated by the quantitative evaluation of colocalization shown in the right panel. Figure  5G documents the GTN-dependent enhancement of cytoplasm PCAF localization in smooth muscle cells as revealed by subcellular fractionation and western blotting analysis.
Discussion
GTN is one of the most commonly used therapies for the treatment of cardiovascular incidents of ischemic origin. Its mechanism of action is complex and implies an aldehyde dehydrogenase-2-dependent bioactivation. 24 Nitrate tolerance could be an unfavorable consequence of the prolonged and repeated GTN treatment. The origin of nitrate tolerance is still debated, but the recent finding that the elevation of intracellular oxidative stress may have a causative role 26 opens the possibility that other related molecular processes to which, until now, little consideration has been paid, could be important for a better understanding of the vascular response to nitrates.
Although our comprehension of the relationship between oxidative stress and epigenetics is still in its infancy and it is unclear how epigenetic drugs may regulate intracellular oxidative stress, it is conceivable that common mechanisms are shared between the 2 processes. Our earlier evidence that an antioxidant treatment may introduce important epigenetic changes in the dystrophic mouse heart is an example of the cross-regulation occurring between the 2 processes. 15 Incidentally, we report here that the class I/II inhibitor TSA is able to reduce hypoxia inducible factor 1α expression and the content of oxidative stress in tolerant cells ( Figure IVA and IVB in the online-only Data Supplement), suggesting these are important steps through which DIs, and possibly other epi-drugs, prevent or reduce tolerance (schema in Figure V in the online-only Data Supplement). This observation is in line with the general anti-inflammatory effect associated to this type of epigenetic drugs. It, however, helps to understand only limited aspects of the antitolerant properties of the epigenetic molecules investigated in this study. A major accent must be put on the new experimental evidence that GTN determines an increase in global N ε -lysine acetylation of smooth muscle cell proteins including those involved in the process of arterial wall contraction/relaxation. In cells or animals made tolerant to GTN, in fact, MLC and SMA acetylation was found reduced, a condition that was partially reversed in the presence of different DIs or by the HAT activators SPV106. Accordingly, the inhibition of the intracellular proacetylation function by ANAC determined a reduction in GTN reactivity either in smooth muscle cells than in aortic rings obtained from animals not previously exposed to nitrates further emphasizing the importance of acetylases in this process. Our findings suggesting that protein N ε -lysine acetylation is important for the vascular smooth muscle cell response to GTN shed new light on the contraction/relaxation mechanism of vascular structures inferring that not only phosphorylation, but other types of protein posttransduction modifications, such as N ε -lysine acetylation, may be relevant (schema in Figure V in the online-only Data Supplement). Although the consequences of N ε -lysine acetylation on protein folding, function, and localization are currently not well understood, we must consider that lysines are positively charged aminoacids targeted by multiple modifications, including acetylation, ubiquitination, and methylation, 27 which change their original status with relevant structural and functional effects on protein stabilization, degradation, and complex formation. 15, 28 Hence, the activation and nuclear export of PCAF, occurring after smooth muscle cell treatment with GTN, indicate the presence of a GTN-/cGMP-dependent signaling finalized to the intracellular redistribution and activation of at least 1 important member of the HAT compartment. 29 The possibility that alterations of this mechanism could play a physiopathological role during the adaptive response to GTN is clearly suggested.
The lysine acetylase PCAF is a GCN5 homolog, which has been discovered as a CBP/p300 cofactor. 30 PCAF is often detected in the nucleus and in the cytoplasm where it has been found involved in the acetylation of a number of histone and nonhistone proteins. 31 The presence of PCAF associated with the cardiac sarcomeres and its involvement in the regulation of cardiomyocyte contractility 25 and electric impulse transmission, 15 prompted us to investigate whether this molecule could be implicated in the regulation of smooth muscle cell contraction. Our findings suggest that PCAF increases MLC and SMA acetylation above the basal level reducing actomytosin formation. The positive effect of SPV106, a compound which activates PCAF function, 14 or that of PCAF overexpression further points to HAT-mediated epigenetic processes as important events activated by GTN-dependent signals and capable of preventing/reducing nitrate tolerance ( Figure V in the online-only Data Supplement). Although unlikely, according to our experimental evidence, it remains unclear whether the epigenetic mechanism described here is involved in the immediate/early response to GTN, which occurs very rapidly after its application. Nevertheless, the upregulation of lysine acetylation, which contrasts MLC phosphorylation on serine 20 and changes contractile proteins complex formation, may be important for the prolonged response to GTN and more, in general, for an optimal level of vascular relaxation.
The evidence that GTN responsiveness may be modulated by epi-drugs opens new perspectives for the development of innovative therapies aimed at controlling vascular wall contraction and relaxation. In this light, cardiovascular epigenetics deserves special attention as it represents a cutting edge frontier from which new understanding and treatments for cardiovascular diseases may come.
